Abstract-Histotripsy produces tissue fractionation through dense energetic bubble clouds generated by short, high-pressure, ultrasound pulses. When using pulses shorter than 2 cycles, the generation of these energetic bubble clouds only depends on where the peak negative pressure (P−) exceeds the intrinsic threshold of the medium (26 to 30 MPa in soft tissue with high water content). This paper investigates a strategic method for precise lesion generation in which a low-frequency pump pulse is applied to enable a sub-threshold high-frequency probe pulse to exceed the intrinsic threshold. This pump-probe method of controlling a supra-threshold volume can be called dual-beam histotripsy.
I. Introduction H istotripsy is a noninvasive, cavitation-based therapy that uses very short, high-pressure ultrasound pulses to generate a dense, energetic, lesion-producing bubble cloud. Histotripsy treatments can create controlled tissue erosion at a fluid-tissue interface [1] [2] [3] , well-demarcated tissue fractionation within bulk tissue [4] [5] [6] , and controlled fragmentation of model kidney stones at a fluid-stone interface [7] , [8] .
conventional histotripsy uses ultrasound pulses longer than 3 cycles, in which the generation of bubble clouds relies on the pressure-release scattering of the positive shock fronts from initially initiated, sparsely distributed bubbles (the shock scattering mechanism) [9] . This shock scattering process changes with applied exposure conditions, making the threshold for bubble cloud generation variable and the spatial extent of the produced lesion somewhat unpredictable.
our recent study showed that, when ultrasound pulses of less than 2 cycles were applied, wherein shock scattering was minimized, the generation of a dense bubble cloud only depended on one or two negative half cycle(s) of the applied ultrasound pulses exceeding an intrinsic threshold of the medium (the intrinsic threshold mechanism) [10] . This threshold was found to be in the range of 26 to 30 MPa for soft tissues with high water content. Using this intrinsic threshold mechanism, the spatial extent of the lesion is well defined and more predictable. With peak negative pressure (P−) not significantly higher than this threshold, sub-wavelength reproducible lesions as small as half of the −6-db beamwidth of the transducer could be generated (microtripsy) [11] .
as shown in the study [11] , with higher-frequency histotripsy pulses, the size of the smallest reproducible lesion becomes smaller, which is beneficial in applications that require precise lesion generation. However, higher frequency pulses are more susceptible to attenuation and aberration, rendering problematical treatments at a longer penetration depth or through a highly aberrative medium, e.g., transcranial procedures. In this paper, we propose a strategic application of histotripsy pulses to address this issue: a low-frequency pump pulse (<2 cycles) is applied together with a high-frequency probe pulse (<2 cycles) wherein their peak negative pressures constructively interfere to exceed the intrinsic threshold. The low-frequency pump, which is more resistant to attenuation and aberration, can raise the P− level for a region of interest (roI); whereas the high-frequency probe (perhaps an imaging transducer), which provides more precision, can pin-point a targeted location within the roI and raise the P− above the intrinsic threshold. We call this approach dual-beam histotripsy.
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second harmonic onto the fundamental frequency can enhance cavitation activity. More specifically, Umemura et al. [12] demonstrated that the superimposition of the second harmonic onto the fundamental frequency with two confocal transducers can enhance sonodynamic therapy wherein cavitation enhances the therapeutic effect of certain agents administered before treatment. yoshizawa et al. [13] studied the bubble cloud generation near a rigid wall by second-harmonic superimposed ultrasound, and their results showed that the negative-pressure-emphasized wave had an advantage in cavitation inception over the positive-pressure-emphasized wave. several other studies have also investigated waveform manipulation methods to either enhance or reduce cavitation activity. The study conducted by chapelon et al. [14] showed that the sonoluminescence activity (using luminol as a cavitation detector) generated with pseudorandom phase-modulated signals was significantly lower than that generated with continuous-wave (cW) singlefrequency ultrasound. sokka et al. [15] investigated the effect of dual-frequency driving waveforms on injected microbubbles both theoretically and experimentally, and the results showed that their developed dual-frequency methods could preferentially lower the cavitation threshold at the focus relative to the rest of the field. Matsumoto et al. [16] and Ikeda et al. [17] , [18] utilized dual-frequency excitation for cloud cavitation control in renal stone comminution, wherein the bubble cloud was first created by a high-frequency pulse and then forced into a violent collapse with a succeeding low-frequency pulse for fragmentation of kidney stones. liu and Hsieh [19] generated dual-frequency ultrasound waves using a single-element transducer and demonstrated its capability in enhancing acoustic cavitation. Hasanzadeh et al. [20] investigated the enhancement of acoustic cavitation generated on aluminum foil using dual-frequency sonication with transducers of several different frequencies.
The dual-beam histotripsy approach proposed in this paper is mechanistically different from the previous studies [12] [13] [14] [15] [16] [17] [18] [19] [20] . In the previous studies, longer pulses (>50 µs in [16] [17] [18] , 125 µs in [13] , and cW for the rest) were used and the enhancement (or suppression) of acoustic cavitation was accomplished by pseudo-random phase-modulation, harmonic superimposition, and a high-frequency pulse followed by a low-frequency pulse, not necessarily increasing the applied pressure level using the second frequency component. In contrast, dual-beam histotripsy uses pulses of less than two cycles, and the arrival times of the pump and probe pulses were adjusted to enhance P− constructive interference. additionally, the cavitation probability was enhanced in the previous studies by microbubble seeding or reflection from a rigid interface (except for [14] ), whereas dual-beam histotripsy generates a dense bubble cloud without any pre-existing microbubbles or special interfaces.
In this paper, the feasibility of dual-beam histotripsy was investigated using red-blood-cell (rbc) tissue-mimicking phantoms and ex vivo porcine livers. More specifically, a 20-element dual-frequency array transducer, in which 500-kHz (pump) and 3-MHz (probe) elements were confocally aligned, was used to generate dual-beam histotripsy pulses at a pulse repetition frequency (PrF) of 1 Hz. Three experimental sets were performed in rbc phantoms wherein: 1) the arrival times of 500-kHz and 3-MHz pulses (both below the intrinsic threshold) were varied to investigate whether lesions could only be generated when combined P− values exceeded the intrinsic threshold, 2) the relative amplitude of 500-kHz and 3-MHz pulses was varied to study the size of the smallest reproducible lesion with different proportions of pump and probe, and 3) the relative propagation direction between 500-kHz and 3-MHz pulses was varied to determine the effect on the shape and size of the produced lesions. Finally, selected dual-beam histotripsy pulses were tested in ex vivo porcine hepatic specimens to validate the results in real tissue.
II. Materials and Methods

A. Sample Preparation
Experiments were performed on red-blood-cell (rbc) tissue-mimicking phantoms and ex vivo porcine livers to investigate the treatment effect for the dual-beam histotripsy pulses. The procedures described in this study were approved by the University of Michigan's committee on Use and care of animals.
The rbc tissue-mimicking phantoms can be used for the visualization and quantification of cavitation-induced damage [21] . In this study, fresh canine blood was obtained from adult research canine subjects in an unrelated study. an anticoagulant solution of citrate-phosphate-dextrose (cPd) (c7165, sigma-aldrich, st. louis, Mo) was added to the blood with a cPd:blood ratio of 1:9 (v:v), and the blood was kept at 4°c and used within 3 weeks. a low-melting-point agarose powder (aG-sP, labscientific, livingston, nJ) was used along with the canine blood to prepare rbc phantoms following the protocol described in [21] . In this study, because the expected lesions are very small (in the range of 200 to 500 µm), the central layer preparation differed slightly from the protocol. Instead of lying flat when the central layer was solidifying, the gel holder was mounted vertically such that the agarose-saline-rbc mixture trickled down the previous agarose-only casting while solidifying into a very thin central layer (~60 to 100 µm) [ Fig. 1(a) ]. additionally, to provide sufficient image contrast between treated and untreated regions, the ratio of rbcs to agarose-saline mixture was increased from 5:95 to 33:67 (v:v). The gel holder for rbc phantoms is shown in Fig. 1(b) .
Experiments were also performed in ex vivo porcine livers to validate the results observed in the rbc phantoms. The excised porcine livers were collected from a local abattoir, kept in 0.9% saline at 4°c, and used within 36 h. before the experiments, the livers were sectioned into small specimens (~2 × 2 × 2 cm), submerged in degassed 0.9% saline, and placed in a chamber under partial vacuum (~33 kPa) at room temperature for 1 to 2 h. The specimens were then embedded in a 1% agarose hydrogel that consisted of low-melting-point agarose and 0.9% saline. The gel holder for liver experiments is shown in Fig.  1(c) .
B. Histotripsy Pulse Generation and Calibration
Histotripsy pulses were generated by a custom, 20-element, dual-frequency array transducer (Fig. 2 ) that consisted of twelve 500-kHz elements and eight 3-MHz elements. Each 500-kHz element consisted of two 1-MHz, 20-mm-diameter piezoceramic discs (PZ36, Ferroperm, Kvistgaard, denmark) stacked together with epoxy; each 3-MHz element consisted of a single 3-MHz, 20-mm-diameter piezoceramic disc (sM111, steiner and Martins, Miami, Fl). both 500-kHz and 3-MHz elements were individually mounted to acoustic lenses with a geometric focus of 40 mm. The elements were confocally aligned and arranged in the following order: 1) the very bottom of the array transducer, one 3-MHz element; 2) first ring from the bottom, six 500-kHz elements with a 37° tilt angle; 3) second ring from the bottom, six 500-kHz elements with a 64° tilt angle, 4) third ring from the bottom, six 3-MHz elements with an 85° tilt angle, and 5) on top of the array transducer, one 3-MHz element that was attached to a supporting frame and had an opposite propagation direction, which was from top to bottom. This top element was used only during the study that investigated the effect of different propagation directions of the 3-MHz element relative to the 500-kHz component. note that the 20-element dual-frequency transducer actually had four additional elements above its third ring with 103° tilt angle [seen in Figs. 2(a) and 2(b)], but they were never used in this study. In drawings of the cross-sections [Figs. 2(c) and 2(d)], and subsequent figures and calibration measurements, these four elements were excluded.
additionally, this dual-frequency array transducer also had two diametrically opposed optical windows, approximately at the same height as the third ring and facing each other, for the visualization of the cavitating bubble clouds and lesions generated in rbc phantoms. To generate short therapy pulses, a custom high-voltage pulser developed in-house was used to drive the transducer. The pulser was connected to a field-programmable gate array (FPGa) development board (altera dE1, Terasic Technology, dover, dE) specifically programmed for histotripsy therapy pulsing. This setup allowed the transducer to output short pulses consisting of less than two cycles. The transducer was filled with degassed water (~50% of normal Po 2 ) during experiments, and the gas saturation was measured by a commercial dissolved oxygen meter (ysI5000, ysI Inc., yellow springs, oH). a fiber-optic probe hydrophone (FoPH) built in-house [22] was used to measure the acoustic output pressure of the dual-frequency transducer. Fig. 3 shows the calibration results of the 500-kHz component (a total of 12 elements) in free-field, including a representative focal pressure waveform before inducing cavitation on the FoPH [ Fig. 3(a) ], total focal P− as a function of peak-to-peak driving voltage [ Fig. 3 3(e)] directions. Phase correction was performed to compensate for any misalignment of the 500-kHz elements. Pressure levels after inducing cavitation on the FoPH were estimated by the summation of the output focal P− values from individual elements. In a previous study [10] , this estimate had a good agreement with the P− measured directly in a higher cavitation threshold medium, 1,3 butanediol. The 6-db beam widths (calculated based on P−) were measured to be 4.89 (axial), 1.74 (lateral), and 1.77 mm (elevational). sure waveform from the bottom element at the pressure level used in the third experimental set that varied the relative propagation directions between 500-kHz and 3-MHz components. note that the waveforms in Figs. 3(a) and 4(a) were not as nonlinear as the ones shown in our previous works [1] , [2] , [4] [5] [6] [7] [8] , this was likely due to 1) this array transducer having a lower f-number (approximately 0.56 for 500-kHz components and 0.50 for 3-MHz components), and 2) each element having an individual focusing lens such that acoustic beams from adjacent elements did not overlap significantly until they reached the common geometric focus.
cylindrical, custom-made, plastic gel holders (4 cm in diameter and 8 cm in height) with thin polycarbonate membranes (254 µm thick) glued onto their sides, as shown in Fig. 1(b) , were used to hold the rbc phantoms. based on the calibration with a representative plastic gel holder in place, the P− values were attenuated by 8.2% (500 kHz) and 9.1% (3 MHz); however, the 1-d beam profiles did not change significantly, as shown in Figs. 3(c)-3(e) and 4(c)-4(e). note that the attenuations for 500 kHz and 3 MHz did not scale with the frequency, and this was likely due to the difference in their incidental angles on the gel holder (3-MHz elements had almost normal incidence whereas 500-kHz elements had oblique incidence). In the ex vivo porcine liver experiment, another type of cylindrical gel holder [ Fig. 1 (c), 3 cm in diameter and 6 cm in height] with thinner polycarbonate membranes (127 µm thick) was used to hold agarose-embedded hepatic specimens. based on the calibration with this type of gel holder in place, the P− values were attenuated by 1.0% (500 kHz) and 6.8% (3 MHz). The attenuation for 500 kHz in this type of gel holder was significantly less than the former gel holders because this type of holder had an opening at the bottom, which was in the propagation paths of some 500-kHz elements.
The applied pressure levels used in the experiments are listed in Tables I and II. The applied P− was corrected by the attenuation contributed by the plastic gel holder using the hydrophone measurement discussed previously. The axial direction of the transducer is defined as the vertical direction from the bottom to the top of the transducer. The lateral direction of the transducer is defined as the horizontal direction that is orthogonal to the direction of the two diametrically opposed optical windows. The elevational direction of the transducer is defined as the horizontal direction that is parallel to the direction of the two diametrically opposed optical windows. note that this array transducer actually has 24 elements; however, four elements above the third ring were not used in this study. Therefore, in Figs. 2(c), 2(d), 5, and 11(a1), 11(b1), and 11(c1), these four elements are not shown in the design.
additionally, the applied P− was further corrected for the attenuation contributed by agarose hydrogel and porcine hepatic specimen, using reported values [10] , [21] , [23] and assuming linear propagation.
C. Experiments in RBC Phantoms and Lesion Analysis
Three different experimental sets were performed in rbc phantoms to investigate lesion production using dual-beam histotripsy. The applied P− values are listed in Table I . Each intended treatment region was exposed with 100 pulses at a PrF of 1 Hz, and a single-focal-point exposure was performed.
1) The arrival times of the 500-kHz and 3-MHz pulses were varied from no overlap to maximal P− overlap at the focus of the array transducer. More specifically, the time delay for 3-MHz pulse relative to 500-kHz pulse varied from −1.55 to 1.45 µs, where 0 µs is defined as the time point when the two pulses had maximal overlap in P−, and a negative time delay indicates the P− of the 3-MHz pulse arriving earlier than the P− of the 500-kHz pulse. The applied pressures were chosen such that each individual frequency component did not reach the intrinsic threshold;
rather, it could be exceeded only by the combination of the two. 2) The relative amplitudes of the 500-kHz and 3-MHz pulses were varied to study the smallest reproducible lesions for each combination. The arrival times of the 500-kHz and 3-MHz pulses in this experimental set were chosen to be the time delay when the two produced the maximal P− values of the composite waveforms.
3) The propagation direction of the 3-MHz pulse relative to the 500-kHz pulse was varied from co-propagation, orthogonal-propagation, to counter-propagation to investigate effects in lesion production. In this experimental set, all 500-kHz elements were firing together with one selected 3-MHz element to implement different propagation directions. The bottom 3-MHz element was chosen for the co-propagation case, one selected 3-MHz element within the third ring of the array transducer was chosen for the orthogonal-propagation (85°), and the 3-MHz element attached to top frame was chosen for the counter-propagation case. The arrival times of the 500-kHz and 3-MHz pulses in this experimental set were chosen to be the time delay when the two had maximal P− overlap. The experimental setup for the treatment in rbc phantoms is illustrated in Fig. 5 . For the visualization of the cavitational bubble clouds and their resulting damages in rbc phantoms, a digital, 1.3-megapixel, cMos, monocolor camera (Pn: Fl3-U3-13y3M-c, Flea 3, PointGrey, richmond, bc, canada) was positioned perpendicularly to the dual-frequency array transducer facing one of its optical windows. a nikon 4× objective was attached to the camera with extension tubes to magnify the image plane, giving the captured images a resolution of approximately 3.5 µm per pixel. a pulsed white-light lEd was placed on the other diametrically-opposed optical window of the dual-frequency array transducer, which provided back-lit illumination. This arrangement allowed for the visualization of the axial-lateral plane of the dual-frequency array transducer. The camera and the lEd light source received trigger signals from the FPGa board, which maintained the synchronization of image capturing and the delivery of histotripsy pulses. For every delivered histotripsy pulse, two images were acquired, one (bubble cloud image) at the time when the maximal spatial extent of the bubble cloud was observed (see Table I for exact timing), and the other (lesion image) at 500 ms after the arrival of the pulse, where only histotripsy-induced damage in the rbc phantom was observed. The exposure time was 2 µs for every captured image. The rbc phantoms were mounted on a 3-axis motorized positioner (Griffin Motion, Holly springs, nc) and submerged in the dual-frequency array transducer with an orientation for the visualization of axial-lateral-plane lesions. These optical images were then post-processed with Matlab (r2011a, The MathWorks Inc., natick, Ma) using a method similar to those described in previous papers [11] , [21] , [24] . The lesion images were converted to binary images using the threshold calculated based on the mean intensity of the lesion. To exclude noise in the camera sensor and pre-existing isolated small white regions caused by rbc layers being not 100% uniform, lesions smaller than 237 pixels (corresponding to regions less than 30 µm in radius) were excluded from the damage zone. by counting the number of pixels identified as damage zone and converting it to actual size with the help of a pre-captured scale image, the area, length, and width of the lesion were determined. during this analysis, the lesion was divided into two groups: 1) main lesion, the center portion of the lesion which was induced by consistent bubble cloud presence, and 2) peripheral damage, the damage zone outside of main lesion which was induced by incidental bubble presence. The bubble cloud images were quantified in a similar way, except the thresholds for binary image conversion were calculated based on the mean intensity of the bubble cloud. For experimental set 1, where the arrival times for 500-kHz and 3-MHz pulses were varied, a cavitation probability was further calculated based on the number of pulses with bubble cloud presence within the total delivered 100 pulses. The cavitation probabilities for bubble clouds generated in the main lesion and incidental bubbles generated in the peripheral region were quantified separately.
D. Linear Transient Simulation with Fast Object-Oriented C++ Ultrasound Simulator (FOCUS) and Lesion Size Estimation
a linear transient simulation was performed using an ultrasound simulation tool, Fast object-oriented c++ Ultrasound simulator (FocUs, Version 437 for Matlab 2010a and Windows 64-bit operating system (Microsoft corp., redmond, Wa), developed by McGough et al. from Michigan state University [25] [26] [27] ). FocUs is cross-platform [for Windows, linux, and Macos (apple Inc., cupertino, ca)] free-ware and it is written in objectoriented c++ with a Matlab user interface. In the simulation, spherical shells with a diameter of 20 mm and a focal length of 40 mm were selected to represent the elements within the dual-frequency array transducer. To resemble the actual acoustic waveform better, the excitation pulse 32.0 30.8 100 0.0 0.0 0 *The P− values in cases 1 (both frequencies) and 2 (only 3-MHz component) were linearly interpolated using the directly measured P− values for various driving voltages. The P− values in cases 2 (only 500-kHz component) and 3 (only 500-kHz component) were linearly interpolated using the linearly summed P− values for various driving voltages. Fig. 5 . an illustration of the overall experimental setup in red blood cell (rbc) phantom experiments. an rbc phantom in a gel holder is mounted on a 3-axis motorized positioner and submerged in the dualfrequency array transducer with degassed water. a custom high-voltage pulser was used to drive the dual-frequency array transducer. a cMos camera (PointGrey) is positioned next to one of the optical windows for image capturing along with a nikon 4× objective and extension tubes for image magnification. a pulsed lEd light source is positioned next to the other diametrically opposed optical window for back-lit illumination. an FPGa development board maintains the transducer firing, image capturing, and lEd lighting in synchronization.
was chosen to be a two-cycle, Hann-weighted tone-burst pulse with the desired frequency, amplitude, and time delay. The elements were arranged in 3-d space according to the design of the transducer, and a 3-d pressure field calculation was performed for selected 2-d axial-lateral planes. The function fnm_tsd (called transient_pressure in the newer version) was used to calculate the transient pressure field using fast near-field methods and time-space decomposition. The sampling frequencies in the time and space domains were chosen to be 40 MHz (4 × 10 7 samples/s) and 5 × 10 4 samples/m. For experimental set #2, where the relative amplitude proportion between the 500-kHz and 3-MHz pulses was varied, lesion size estimation was performed. 2-d pressure fields in the axial-lateral plane were simulated using FocUs and extrapolated to the applied pressure level. a pressure threshold was obtained using the same method described in [11] , and then applied to the extrapolated 2-d pressure field to estimate lesion sizes.
E. Experiments in Ex Vivo Porcine Hepatic Specimens and Histological Evaluation
agarose-embedded porcine hepatic specimens were mounted on the Griffin 3-axis motorized positioner, and ultrasound b-mode imaging, instead of high-speed photography, was used to monitor the histotripsy treatment. The ultrasound b-mode imaging was performed using a commercial aTl HdI 5000 ultrasound scanner (advanced Technology laboratories Inc., bothell, Wa) with aTl l12-5 linear probe. Each intended treatment region was exposed with 500 pulses at a PrF of 1 Hz, and a single-focal-point exposure was performed. Various pressure combinations, listed in Table II , were applied to various regions of the specimens. To better identify smaller lesions after treatment, two large lesions (5 mm in separation) were generated on the surface of the specimens using only the 500-kHz component, along with two large lesions, also using only the 500-kHz component, generated 3 mm beneath the two surface lesions. These four lesions were used as landmarks, and a small lesion was then generated between these two large lesions and 3 mm beneath the surface of the tissue specimen.
The lesions were evaluated with both ultrasound bmode imaging and histological sections after treatment. a high-frequency ultrasound probe (rMV 707b, Visualsonics, Toronto, on, canada; 15 to 45 MHz), along with a high-frequency ultrasound scanner (Vevo 770, Visualsonics), was used to image the lesions after treatment. The axial and lateral dimensions of the lesions were then measured based on the hypoechoic regions that appeared in the recorded b-mode images. For histological evaluation, the treated porcine specimens were fixed with 10% phosphate buffered formalin (Fisher scientific, Fair lawn, nJ) and sectioned into approximately 3-mm-thick slices along the axial-lateral planes of the lesions using a regular kitchen knife and surgical scalpels. These slices were then further processed into 4-µm-thick histological sections with 100 µm sectioning step size using a microtome and stained with hematoxylin and eosin (H&E). Visual inspection using bright field microscopy was performed to identify the section with maximal spatial extent of the damage among all sections for each sample. The maximal extents of the lesions in the lateral and axial directions were quantified based on the bright field microscopic images with the help of a pre-calibrated scale. Fig. 7(f) ]. as can be seen, the width, length, area, and cavitation probability of the main lesion reached their maxima at 0 µs time delay, i.e., when the 500-kHz and 3-MHz pulses had maximal P− overlap. no significant changes were observed when the time delay changed to −0.05 or 0.05 µs. When the time delay changed to even more negative or positive, the lesion size and cavitation probability in the main lesion decreased because of a reduction of combined P−. When the time delay was earlier than −0.50 µs or later than 0.20 µs, the cavitation probability in the main lesion decreased to less than 10%, and almost no lesions were observed. The lesion area and cavitation probability for the periphery showed a similar trend. although their maxima both appeared at −0.25 µs time delay, they did not differ significantly from those at 0 µs. Table I , were investigated, and each case had a sample size of 6. Fig. 8 shows representative lesion and bubble cloud images for each case. Fig. 9 summarizes the quantitative results for the width [ Fig. 9(a)], length [Fig. 9 (b)], and area [ Fig. 9(c) ] of the main lesion and the area of the peripheral damage [ Fig. 9(d) ]. as can be seen, the sizes of the lesions and bubble clouds increased as the relative proportion of the 500-kHz pulse amplitude increased. size estimations for main lesions using the FocUs simulation tool are also plotted in Figs. 9(a)-9(c) , and the estimations have a general agreement with phantom experiment results. Fig. 10 shows the number of incidental bubbles generated at the periphery, which are responsible for peripheral damage, as a function of the number of applied histotripsy pulses. as can be seen, the number of these bubbles started from its maximal value and rapidly decreased to almost no bubble presence after the tenth pulse. additionally, when the 500-kHz pulse amplitude fraction was higher, the number of incidental bubbles at the periphery increased and these bubbles disappeared more slowly.
III. results
A. Experiments in RBC Phantoms
1) Varying Time Delays Between 500-kHz and 3-MHz
2) Varying Relative Amplitudes Between 500-kHz and 3-MHz Pulses: a total of 5 different combinations, as listed in
3) Varying Propagation Direction of the 3-MHz Pulse
Relative to the 500-kHz Pulse: The propagation direction was varied from co-propagation, then counter-propagation, and to orthogonal-propagation, and each had a sample size of eight. 11(a4), 11(b4), and 11(c4)] for different propagation directions. as can be seen, the lesion length in the axial direction for the counter-propagation case was significantly smaller than that for co-propagation case. also, the lesion shape seemed tilted in the orthogonal-propagation case in comparison to that in the co-propagation case. These results correspond well to the simulated 2-d pressure (P−) fields.
The quantitative analysis of these lesions is summarized in Fig. 12 . The lesion size in the axial direction changed significantly from 1.21 mm for the co-propagation case to 0.52 mm for the counter-propagation case, whereas the lesion size in the lateral direction remained at a similar level (0.70 mm for the co-propagation case and 0.63 mm for the counter-propagation case). The tilt angle changed from 1.0° for the co-propagation case to 26.8° for the orthogonal-propagation case. This tilt angle was quantified by manually selecting the top and bottom points of the lesion, forming a central axis of the lesion, and then calculating the angle between this central axis and the axial propagation direction of the 500-kHz pulse component.
B. Experiments in Ex Vivo Porcine Hepatic Specimens
a total of 3 different pressure combinations, as listed in Table II , were used to generate lesions in ex vivo porcine hepatic specimens, and each case had a sample . quantitative results for the experimental set that varied the time delay between pump (500-kHz) and probe (3-MHz) pulses. The results in the focus (main lesion) and periphery (peripheral damage) were quantified separately. The vertical bars in all the figures represent ± one standard deviation, and the sample size for each case is nine (N = 9). (a) Width (lesion size in the lateral direction) of the main lesion, (b) length (lesion size in the axial direction) of the main lesion, (c) area of the main lesion, (d) area of the peripheral damage, (e) cavitation probability in the main lesion, and (f) cavitation probability in the periphery as a function of the time delay. The cavitation probability is calculated by counting the number of pulses that have initiated bubble clouds (quantified based on optical imaging) and dividing this number by 100, which is the number of total delivered histotripsy pulses. Figs. 13(a) and 13(b) . The intended treatment regions had lost their normal architecture and contained only acellular granular debris, and a larger spatial extent of the lesion occurred when a higher proportion of the 500-kHz pulse was applied. Figs. 13(c) and 13(d) show representative b-mode images of the hepatic specimens after the application of 500 histotripsy pulses. note that the b-mode ultrasound images were rotated 90° from their original orientations to match the orientations of the histological sections. Hypoechoic regions occurred on b-mode images after histotripsy treatment, and these regions were larger when a higher proportion of 500-kHz pulse was applied. The histological sections and b-mode images for the case with 100% proportion of 500-kHz pulse are not displayed in Fig. 13 because this paper focuses on using both pump (500-kHz) and probe (3-MHz) pulses. The quantified lesion sizes in the lateral and axial directions are shown in Figs. 13(e) and 13(f), respectively. as can be seen, the quantified lesion sizes increased as the proportion of the 500-kHz pulse increased and the results quantified from histological sections and b-mode images were close to each other.
IV. discussion
In this paper, precise lesions were generated by dual-beam histotripsy pulses using the intrinsic threshold mechanism in both rbc phantoms and ex vivo porcine specimens. The dual-beam histotripsy pulse comprises a low-frequency pump pulse and a high-frequency probe pulse, and a proper time delay between the two is chosen to allow their P− values to add constructively at the focus so as to exceed the intrinsic cavitation threshold. as can be seen in Figs. 6 and 7, when the pump and probe pulses had maximal P− overlap (i.e., 0 µs time delay), consistent bubble clouds were generated with a cavitation probability of 100% and the size of the main lesion reached its maximum. no significant changes in the cavitation probability and lesion size were observed when the probe pulse (3 MHz) arrived 0.05 µs earlier or later than the pump pulse (500 kHz). When the time delay between the negative pressure peaks of the pump and probe pulses increased to 0.15 µs or more, the diminution of the combined P− led to decreases in the cavitation probability and lesion size (with higher variability), and both the cavitation probability and lesion size approached 0 when the negative phases of the pump and probe pulses did not have any overlap. Furthermore, these decreases were not symmetric around 0 µs time delay, which was likely due to the negative pressure phase for the 500-kHz pulse (in time domain) not being symmetric, as can be seen in Fig. 3(a) . This asymmetry in the 500-kHz waveform was probably not a result of nonlinear propagation because it also occurred at a very low applied pressure level. Misalignment of individual elements was probably not the cause because phase corrections in free field for individual elements were performed during the calibration process for the phantom and tissue experiments. Imperfection in the stacking process during element assembly is a potential explanation because it only occurred in the epoxy-stacked 500-kHz elements.
additionally, the size of the smallest reproducible lesions decreased when a higher proportion of the probe (3-MHz) pulse was applied, as indicated in Figs. 8 and 9. With only 32% of the probe pulse, the lesion size decreased significantly from the case in which 100% 500-kHz pulses were applied. The lesion width decreased from 0.93 to 0.46 mm, the lesion length decreased from 2.09 to 0.66 mm, and the lesion area decreased from 1.16 to 0.17 mm 2 . This demonstrates that, with the addition of a minor portion of the probe pulse, significantly smaller lesions can be achieved, in comparison to 100% pump pulse. This has a general agreement with a linear simulation using FocUs, as seen in Fig. 9 .
Moreover, the size and shape of the produced lesions can be further manipulated using various propagation directions between pump and probe pulses. 1) The axial dimension of the lesion can be further reduced when a probe pulse counter-propagates with a pump pulse, as shown in Figs. 11 and 12 . This foreshortening of the lesion results from the very short interaction time window in which two short acoustic pulses (only one large negative pressure phase in the 2-cycle pulses) counter-propagate with each other (note that cW waves would not produce the same effect). 2) When a probe pulse orthogonally propagates with a pump pulse, the lesion can be tilted from the propagation axis of the pump pulse. as shown in Figs. 11(c1)-11(c4), when the pump pulse propagates from the bottom to the top and the probe pulse propagates from the right to the left, they first interact in the lower right corner of the focus. as they propagate through the focus, the two pulses produce a supra-threshold region moving from the lower right to the upper left, making the lesion appear tilted from the propagation axis of the pump pulse. although using propagation directions other than co-propagation might not work in many applications because of the lack of accessible acoustic windows, it might still be applicable in some situations. For example, a transrectal probe pulse counter-propagating with a transabdominal pump pulse could be used in prostatic tissue ablation. counter-or orthogonal-propagation of catheter-based probe pulses with transcostal/transabdominal pump pulses might also have Fig. 10 . number of incidental bubbles generated in the periphery of the focus during the experimental set that varied the relative amplitude between the probe (3-MHz) and pump (500-kHz) pulses. results after 20 pulses are not plotted because they are similar to the result of the 20th pulse. The vertical bars in all the figures represent ± one standard deviation, and the sample size for each case is six (N = 6). potential in cardiac or hepatic tissue treatment allowing pulses from small-aperture high-frequency transducers to reach threshold levels not possible when used alone.
Peripheral damage induced by the incidental bubbles generated at the periphery of the focus was observed in both single-frequency histotripsy and dual-beam histotripsy (pump + probe). These incidental bubbles almost disappeared by the time the 20th pulse was applied. a higher proportion of the pump pulse led to a larger area of peripheral damage, a larger number of incidental bubbles, and a slower rate in the decrease of the number of incidental bubbles. These incidental bubbles were likely seeded from the pre-existing dissolved sub-micrometer gas bubbles (samples could not be 100% degassed) or weak pockets. The application of histotripsy pulses first excited these weak nuclei at the periphery (where P− was below the intrinsic threshold) and then subsequently destabilized them, causing the incidental bubbles to disappear quickly. after that, the bubble clouds were preferentially generated at the location where the main lesion was forming. This self-quenching phenomenon limits the damage in the periphery, containing the lesion primarily to the volume where P− exceeds the intrinsic threshold.
Thus, dual-beam histotripsy can be quite beneficial in situations in which precise treatment is required through a highly aberrative and attenuative medium. In the situation covered in this paper, the pump pulse is highly focused and can only cover a small region (−6-db beamwidths: 4.9 × 1.7 × 1.8 mm) or target for the probe pulse. In practice, it would be better if the pump pulse could cover a larger roI and the P− level could be raised uniformly across the volume. Therefore, we plan to investigate a lower-frequency pump with higher f-number (less focused) in the future. We also plan to study the feasibility of using commercial imaging transducers for probe pulse generation. This could provide not only the steering capability for the probe pulse during treatment, but also the image guidance and feedback if it is used in conjunction with an imaging system. an imaging probe dual-beam histotripsy system could use available small windows, e.g., the transcostal region between ribs, to generate precise high-frequency steerable pulses enabled by a much larger low-frequency pump transducer (e.g., covering much of the rib cage). The use of a high-frequency imaging transducer to generate precise lesions has many other interesting applications.
V. conclusion
In this study, the capability of dual-beam histotripsy pulses for precise lesion formation is demonstrated both in rbc phantoms and ex vivo porcine tissues. dual-beam histotripsy is accomplished by the application of a lowfrequency pump pulse that enables a high-frequency probe pulse to exceed the intrinsic cavitation threshold. With an adjustment in arrival times that allows constructive P− addition at the focus, sub-intrinsic-threshold pump and probe pulses can induce dense bubble cloud generation when P− summation exceeds the intrinsic cavitation threshold. The size of the smallest reproducible lesions decreases when the proportion of the probe pulse increases. counter-propagation of the pump and probe pulse could foreshorten the lesion size in the axial direction. dualbeam histotripsy can be useful in clinical applications in which precise tissue ablation is required with a longer propagation depth or through a highly attenuative or aberrative medium, such as transcranial therapy. With small low-attenuation windows, even imaging transducers providing the probe pulses could generate histotripsy lesions.
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